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INTRODUCTION 

Biomass i s  a s o l i d  f u e l  w i t h  a h igh  content (approx. 80%) o f  v o l a t i l e  matter 

(VM) as def ined by standard prox imate analyses. As a resu l t ,  t he  d e v o l a t i l i z a t i o n  

of t he  mater ia l  introduced i n t o  any thermal conversion device i s  t h e  most 

s i g n i f i c a n t  process occu r r i ng  on a mass basis.  From the  viewpoint  o f  reactor  

design, i t  would be convenient t o  have c losed form expressions f o r  t h e  r a t e  o f  

py ro l ys i s  o f  l a rge  p a r t i c l e s  o f  c e l l u l o s i c  ma te r ia l s  su i tab le  f o r  t h e  convec- 

t ive-heat- t ransfer  environment o f  t h e  packed o r  f l u i d i z e d  bed reactor .  

The s ta te  o f  knowledge o f  t h e  fundamental aspects o f  the  p y r o l y s i s  "reac- 

t i o n "  i s  advancing r a p i d l y  through k i n e t i c  s tud ies on small, f i n e l y - d i v i d e d  

samples i n  which phys ica l  t r a n s p o r t  cons iderat ions are minimized. The Arrhenius 

r a t e  expressions r e s u l t i n g  f rom these s tud ies are r e f l e c t i v e ,  i t  i s  hoped, o f  the 

i n t r i n s i c  chemical reac t i on  r a t e s  of p y r o l y s i s  processes. The h igh  cos t  o f  

comminution o f  feedstock t o  smal l  mesh s izes however, d i c ta tes  against  t h e  l a rge  

scale conversion o f  biomass i n  t h i s  form. Thermal conversion o f  c e l l u l o s i c  mate- 

r i a l s  i n  packed or f l u i d i z e d  beds w i l l  most l i k e l y  be accomplished w i th  p a r t i c l e  

s izes i n  t h e  range o f  one t o  e i g h t  cm. With dimensions o f  t ha t  magnitude, the  

r e l a t i v e  ra tes  of chemical and t r a n s p o r t  processes must be considered. 

An ind i ca t i on  of t h e  d i s p a r i t y  i n  chemical versus heat t r a n s f e r  r a t e s  i s  

afforded by the observat ion of "advancing f r o n t "  behavior i n  t h e  p y r o l y s i s  o f  

c y l i n d r i c a l  samples of biomass m a t e r i a l s  (Blackshear, Murty, 1966). The low 

thermal conduc t i v i t y  and h i g h  r e a c t i v i t y  o f  biomass r e s u l t  i n  a narrow, advan- 

c ing,  react ing zone of py ro l ys i s .  The sharp ly  peaked reac t i on  r a t e  p r o f i l e  

r e s u l t s  from the  deplet ion of VM i n  t h e  char and a low temperature l e v e l  i n  t h e  

v i r g i n  so l id .  The v a l i d i t y  o f  t h i s  reac t i on  r a t e  p r o f i l e  i s  supported by 

experimental densi ty  and temperature p r o f i l e s .  I f  the  reac t i on  r a t e  was slower, 
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the density profile would be less sharply stepped. The acceleration of the heat 

transfer rate in the virgin solid would likewise result in a more gradual 

transition. 

I 
I 

Several pyrolysis models have been proposed (Bamford (19461, Roberts (19631, 

Blackshear (1966). Maa (1973), Lee (1982)) in order to faithfully reproduce the 

detailed pyrolysis behavior of large samples of cellulosic materials. These 

usually involve the solution of coupled partial differential equations (PDE'S) 

representing mass. energy, and momentum balances. These models may be classified 

into two general categories. Volumetric models (Fan, 1978) are the most sophisti- 

cated and complex. The rate of decomposition is calculated at the local tempera- 

ture throughout the solid. Shrinking core models (Maa, 1973) take the advancing 

front behavior to the limit of an infinitesimally thin reaction zone. In the 

former case, the reaction is a source term in the conservation equations while in 

the latter case, the reaction rate appears as a boundary condition. The 

continuing effort to describe ever more accurately the complicated phenomena of 

pyrolysis will doubtless give rise to more complex models. 

The complexity of the single-particle model used to describe the pyrolysis 

process will be augmented however, when this model is integrated into the simu- 

lation of a gasification reactor. Thus it is our goal to move in the direction of 

simpler, albeit less precise, models of macro-particle pyrolysis. Consider the 

computational burden involved in the simulation of a packed-bed reactor. The 

conservation equations for the bed require an iterative solution because of split 

boundary conditions. (For example, solid temperature at one terminus, and gas 

temperature at the other.) For each iteration of the equations for the bed, many 

evaluations of the reaction rate for the particle must be made. If the evaluation 

of this rate at each point requires a finite-difference 'solution of a set of 

coupled PDE's for the particle, then the calculation time becomes excessive. 
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The model Considered below may be c a l l e d  k i n e t i c s - f r e e  i n  t h a t  no e x p l i c i t  

cons iderat ion i s  given t o  the  r a t e  o f  p y r o l y s i s .  The c o n t r o l l i n g  i n f l uence  on the 

r a t e  o f  decomposition i s  t he  heat t r a n s f e r  ra te .  The progress o f  t he  p y r o l y s i s  i s  

fo l lowed by t h e  r a t e  o f  advance o f  a sharp boundary def ined as t h e  locus o f  

po in ts  a t  a f i x e d  p y r o l y s i s  temperature, Tp. The r e s u l t i n g  model i s  s i m i l a r  i n  

many respects t o  a phase change problem. I n  f a c t ,  the process may be considered 

as a change i n  phase from CCS s o l i d  form (wood) t o  another (char). 

We have been i n v e s t i g a t i n g  t h e  s u i t a b i l i t y  o f  such a model i n  dec r ib ing  t h e  

p y r o l y s i s  o f  0.5 t o  2.5 cm c y l i n d r i c a l  samples o f  na tu ra l  and dens i f i ed  wood. The 

ob jec t i ves  o f  t h e  work are: 

1. 

2.  

3. 

4. 

5 .  

Develop the  proper forms o f  t h e  r e l e v a n t  equations o f  change; se lec t  an 

appropriate set  o f  dimensionless var iab les.  

Develop e f f i c i e n t  numerical schemes t o  i n teg ra te  t h e  coupled p a r t i a l - d i f -  

f e r e n t i a l  equations and t o  generate temperature p r o f i l e s  and r a t e  vs t ime 

curves. 

Determine i f  t h e  model can even c rude ly  reproduce experimental temperature 

p r o f i l e s  and p y r o l y s i s  t imes w i t h o u t  extens ive curve f i t t i n g .  That i s ,  by 

se lect ing r e a l i s t i c  values o f  phys i ca l  parameters, can an a p r i o r i  ca l cu la -  

t i o n  produce f e a s i b l e  r e s u l t s .  

Perform a s e n s i t i v i t y  analys is  t o  determine which parameters have the  great -  

e s t  in f luence on t h e  r a t e  o f  advance o f  t he  py ro l ys i s  f ront .  

Determine t o  what extent  t he  model i s  capable o f  f a i t h f u l l y  reproducing t h e  

d e t a i l s  o f  p y r o l y s i s  phenomena even i f  some parameters must be cu rve - f i t t ed .  
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THE PHENOMENA OF PYROLYSIS 
I 

Before considering the  development o f  t h e  phase-change model o f  py ro l ys i s ,  

it i s  worthwhile t o  l i s t  some of t he  more important processes occurr ing i n  py ro l -  

y s i s  i n  order t o  assess t h e i r  relevance t o  any simulat ion. 

Reaction: The primary events of p y r o l y s i s  are being i n t e n s i v e l y  s tud ied and it i s  

c l e a r  t h a t  considering py ro l ys i s  as a s i n g l e  reac t i on  w i t h  a f i x e d  product s l a t e  

i s  a gross overs impl i f icat ion.  The c l a s s i f i c a t i o n  o f  species as primary and 

secondary products i s  far  from complete. The exper t ise t o  p r e d i c t  i n  d e t a i l  even 

t h e  o v e r a l l  ( “ f i n a l ” )  products o f  t h e  process i s  not  avai lab le.  It i s  not even 

poss ib le  t o  p red ic t  i n  advance f o r  any feed the  prec ise char y i e l d  under 

d i f f e r e n t  heating rates.  It i s  the re fo re  e n t i r e l y  reasonable t o  represent 

p y r o l y s i s  crudely as 

wood = c char + b v o l a t i l e s  

Heat o f  Reaction: Thermodynamic arguments i n d i c a t e  q u i t e  c l e a r l y  t h a t  the o v e r a l l  

py ro l ys i s  process i s  exothermic. TGA s tud ies support t h i s  contention. There i s  

some doubt however concerning the  amount o f  char produced by primary and sec- 

ondary events. The exothermic i ty  i s  d i r e c t l y  p ropor t i ona l  t o  char production. It 

could be poss ib le  f o r  example t o  have an endothermic primary reac t i on  producing 

some char and most ly  reduced gases such as CO, fo l lowed by an exothermic 

conversion t o  C02 and more carbon a t  a d i f f e r e n t  l oca t i on .  Since the heat o f  

p y r o l y s i s  depends on the  spectrum o f  products, and t h e  spectrum of products 

depends s t rong ly  on t h e  condi t ions imposed t o  cause pyro lys is ,  it i s  no t  

unreasonable t o  assume t h a t  the pr imary decomposition i s  endothermic. Indeed, 

1 when ca r r i ed  out under i n e r t  atmospheres, some d i f f e r e n t i a l  scanning ca lo r ime t ry  

s tud ies have ind i ca ted  t h a t  t h i s  i s  t he  case (Muhlenkamp (1975)). 
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F i g u r e  1 : P y r o l y s i s  Scheme  of a S i n g l e  P a r t i c l e  Under the 
Boundary  C o n d i t i o n  of F i r s t  Kind 
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Reaction Rate: The p o s s i b i l i t y  of represent ing t h e  r a t e  o f  decomposition Of a 

mix ture o f  l i n e a r  polysaccharides and a cross-1 inked phenylpropane polymer with a 

s i n g l e  Arrhenius r a t e  expression appears remote. A t  best  i t  seems l i k e l y  t h a t  a 

d i s t r i b u t i o n  o f  a c t i v a t i o n  energies would be requi red.  It i s  assumed below t h a t  

the r a t e  o f  decomposition i s  f a s t  r e l a t i v e  t o  the  r a t e  o f  heat t rans fe r  necessary 

t o  sus ta in  the  pyro lys is .  

Geometry: Some shrinkage does occur du r ing  p y r o l y s i s  as evidenced by checking and 

p i t t i n g  o f  char layers. But t h i s  e f f e c t  w i l l  be ignored and constant diameter 

assumed. O f  more importance i s  t h e  p o r o s i t y  o f  chars and t h e  r e s u l t i n g  ef fects  on 

dens i t y  and res is tance t o  gas f low.  I n  t h i s  work, t h e  po ros i t y  i s  assumed 

s u f f i c i e n t l y  great t h a t  t he  hydrodynamics o f  gas f l o w  can be ignored. A c y l i n -  

d r i c a l  p a r t i c l e  geometry has been used i n  t h i s  study. 

Gas Flow: A un id i rec t i ona l ,  outward f l o w  o f  non-condensible gases must occur 

dur ing pyro lys is .  But condensible species such as water may be forced inward and 

r e s u l t  i n  a net f l o w  towards the  cooler ,  i nne r  reg ion  o f  t he  cy l i nde r .  Water 

cpndensing i n  the layers immediately adjacent t o  t h e  p y r o l y s i s  zone has been 

proposed by some inves t i ga to rs  t o  exp la in  t h e  delay i n  the development of t he  

i nne r  temperature p r o f i l e  o f  samples o f  pressed ce l l u lose .  This  inward f l o w  o f  

condensibles has not  as y e t  been considered i n  t h e  development o f  t h e  

phase-change model but  could crudely  be accomodated by using a higher e f f e c t i v e  

heat capaci ty  fo r  t he  unpyrolyzed s o l i d .  A b e t t e r  approximation could be made by 

consider ing two "phase" changes: i n  e f f e c t ,  a d r y i n g  wave and a p y r o l y s i s  wave 

passing through t h e  sample. 
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THE PHASE CHANGE MODEL OF PYROLYSIS 

The s imu la t i on  o f  p y r o l y s i s  proposed here seeks t o  avoid t h e  mathematical 

complexity o f  t h e  vo lumetr ic  model as we l l  as the p re -se lec t i on  o f  t he  py ro l ys i s  

r a t e  inherent i n  t h e  steady-state, moving-boundary approach. Maa (1973). f o r  

example, uses a k i n e t i c  expression f o r  t he  r a t e  o f  pyro lys is ,  bu t  f i x e s  the 

temperature a t  which i t  i s  evaluated, r e s u l t i n g  i n  a steady s tate.  The pseudo 

steady-state i s  probably a reasonable assumption f o r  a l a r g e  piece o f  wood ( a  log 

o r  beam) bu t  i s  probably not  v a l i d  f o r  a one-cm p a r t i c l e .  

To proceed, we make t h e  f o l l o w i n g  assumptions: 

1. The py ro l ys i s  r e a c t i o n  may be considered simply as: 

Feed = b Gas + c Char 

Here "Gas" r e f e r s  t o  a l l  v o l a t i l e  products, and "char" t o  the  completely 

d e v o l a t i l i z e d  so l i d .  The r e a c t i o n  occurs instantaneously  when the  s o l i d  i s  

ra ised t o  a f i x e d  temperature, T 
P' 

2. Heat i s  conducted through t h e  char layer  t o  a sur face separating char and 

P '  
unpyrolyzed s o l i d .  Th i s  sur face i s  defined as the  locus o f  po in ts  a t  T = T 

A t  t h i s  surface, t he  temperature i s  continuous, b u t  a jump occurs i n  the temp- 

erature gradient ,  t h e  magnitude o f  which i s  determined by t h e  heat o f  p y r o l -  

y s i s  and t h e  thermal p roper t i es  of t he  two sol ids. 

3. The temperature o f  escaping v o l a t i l e s  i s  always equal t o  the  l o c a l  char temp- 

erature, Tc. 

344 



Although not necessary, the following assumptions have been made for convenience 

i n  this initial development: 

4. Thermal properties (heat capacity, conductivity) and density are assumed con- 

stant at an effective or average value. 

5. Cylindrical geometry. 

6. Specified surface temperature (B.C. of 1st kind). 

The mathematical formulation of the model is derived from the equation of 

change for energy. In the char layer 

The third term is the convective flux of gas. A mass balance at any radial loca- 

tion yields an expression for the gas flux. 

r dr 

r dt 
Ug = - bPw lA 

where r is the location of the advancing front. Ordinary conduction occurs in 

the fresh solid region. (Hereafter referred to as wood.) The system of equations 

to be solved in each region in cylindrical geometry are 

P 

r dt > r  

r < r ( r o  t > O  P 
With no gas flux in the core: 

O e r L r  t * O  
P 
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I C :  Tw = Ti 

BC: (1 )  Tc = T, 

(2)  T, = T = 
w TP 

Oc r c  ro 

0 
r = r  

P 
r = r  

P 
r = r  

r = O  

t = O  

t > O  

t > O  

t b o  

t, 0 

The system o f  equations i s  non- l inear  because o f  t he  convect ive term as we l l  

as the  t h i r d  boundary c o n d i t i o n  (Carslaw, Jaeger, 1959). It i s  o f  the same form 

as a simple phase change problem, w i th  the  exception o f  t he  convective term. 

Exact so lut ions on i n f i n i t e  domains are ava i l ab le  (Stefan, 1891; Ockendon and 

Hodgkins, 1975). Comparable problems on f i n i t e  geometries are usua l l y  solved 

numerical ly. Extensive b i b l i o g r a p h i e s  are avai lab le (Selim, Roberts, 1981; 

Wilson, e t .  al., 1978). The numerical procedure developed by Roberts (1981) i s  

used here. This  procedure i s  f a c i l i t a t e d  by the i n t roduc t i on  o f  t h e  fo l l ow ing  

dimensionless parameters: 

R = 1 - r/ro T = gC t/roZ 

k T - T  =(i$s T - T  
v = u  

Tp - Ti 

P 
kc T, - T 

kw T - Ti 
P 

T * =  - 
S 

T .  - T 
Ti*=-= - 1 

Tp - Ti 
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The dimensionless form o f  t h e  system o f  equations i s  

O < R d R  T>O 
P 

R ~ R r l  f > O  
P 

I C  v = -1 O L R 4 1  r=O 

BC U = Ts* R = 0 7 ~ 0  

R = R  q-ro 
P 

u = v = o  

R = R  r>O 
P 

R = l  (7?0 

( 3 )  

( 4 )  

(5) 

(7) 

F i n i t e  Di f ference Formulat ion 

The f i n i t e  d i f f e rence  form o f  t h e  numerical a lgor i thm requ i res  a f i n i t e ,  

P'  
non-zero value of R 

then the  Stefan a n a l y t i c a l  s o l u t i o n  i s  used t o  obta in  a s t a r t i n g  p o s i t i o n  o f  the  

py ro l ys i s  f ron t .  A standard e x p l i c i t  f i n i t e  d i f f e rence  scheme i s  used t o  advance 

through t h e  f i r s t  t ime  step and a Dufor t  Frankel scheme (which requi res 

If a f i xed  surface temperature i s  imposed w i t h  T, z T 
P' 
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temperatures a t  a previous t ime)  i s  used f o r  a l l  subsequent t ime steps. I f a t i m e  

dependent surface temperature, beginn ing w i th  TS 6 T i s  imposed, then the 

numerical i n t e g r a t i o n  o f  t h e  s t ra igh t - fo rward  conduction problem w i t h  no 

py ro l ys i s  f r o n t  i s  implemented u n t i l  t he  temperature a t  a f i n i t e  value o f  R 

reaches T a t  which t ime t h e  D u f o r t  Frankel scheme w i t h  a moving boundary i s  

begun. Temperatures a t  p o i n t s  ad jacent  t o  e i t h e r  terminus R = 0 o r  R = 1, o r  the 

moving boundary are ca l cu la ted  w i t h  t h e  usual approximations. The d e t a i l s  are 

presented below. 

In order t o  approximate t h e  s o l u t i o n  o f  the parabol ic  p a r t i a l  d i f f e r e n t i a l  

equations, (1)  and (21, a network of g r i d  po in ts  w i t h  equal s i z e  i n  the 

R-d i rect ion and equal s i z e  i n  t h e  t ime  step i s  estab l ished throughout the  reg ion 

0 R < 1, O C T .  

P 

P'  

A DuFort-Frankel scheme (Carnahan, 1969) was chosen t o  obta in  a f i n i t e  d i f -  

ference so lu t i on  t o  t h e  pa rabo l i c  p a r t i a l  d i f f e r e n t i a l  equations. Adequate ac- 

curacy was obtained w i t h  21 g r i d  p o i n t s  and At/(AR) 4 0.5, 2 

The DuFort-Frankel Scheme r e q u i r e s  data from two previous t ime leve ls .  The 

standard e x p l i c i t  scheme i s  used as a s t a r t i n g  method t o  provide t h e  requ i red  

data. Eqs. (1) and (2 )  expressed i n  the  stimdard e x p l i c i t  scheme (see F igu re  2) 

are given by 

'i,j+l - 'i,j = ' i -1 , j  - '"i.j + 'i+l,j , 
(AR 1 

A T  

1 
i = 1,2, ..., M-1 B ( " i + l , j  - 'Ji-1,j 

(iAR - 1) 2 d R  
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\ 

i -1  

S t a n d a r d  

i i + l  

E x p l i c i t  Scheme 

j + l  

j 

j-1 

i- 1 i i + l  

D u F o r t - P r a n k e l  Scheme 

F i g u r e  2 :  Graphic D e s c r i p t i o n  of F i n i t e - D i f f e r e n c e  
S c h e m e .  
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"i,j+l - "i,j = " i -1 , j  - 2vi,j " i + l , j  + 

AT 

i = Mt2,M+3, ..., N-1 (9) 1 ( " i + l , j  - " i -1 , j )  

( i &  - 1)  2& 

and M i nd i ca tes  the  nearest g r i d  p o i n t  t s  the l e f t  o f  t he  pyro lyz ing f r o n t  (see 

Figure 3 ) .  These two equations a re  rearranged and solved f o r  the unknown terms 

Ui,jtl and Vi t o  give: 
,j+l 

f 

( 1  + 
1 2 ( i  - -) 

R 

21 

d* U* 
vi,j+l = ( 1  - -)vi,j t x 

( 1  + 
1 

AR 
2 ( i  - -1 

where A = A ~ ~ F z ) ~ .  

i = 1,2 

(1  - ' '"i-1, j + 
2 ( i  - -1 

A R  

i = M+2, 

,M-1 

,... ! 

Expressed i n  t h e  DuFort-Frankel Scheme, Equations ( 1  1, (2)  become 

'i,j+l - 'i,j-l - " i -1 , j  - 'i,j+l - 'i,j-l + 'i+l,j 

(bRI2 
2 A T  

B (U i t1 , j  - U i -1 , j )  

(iqR - 1)  2AR 
i = 1,2, ..., M-1 
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? 
3 

0 unknown 

0 known F r o n t  
P y r o l y z i n g  

M-2 

F i g u r e  3 :  

Char  
I 
I 
I 

I' 
I 
I 
I 
I 
I 
I 
I 

I 
- 6 -  

I 

I _ _  
I 

wood 

---t 

M - 1  M M + l  M+2 M+3 

R > 
S p a c e  

3 - P o i n t  L a g r a n g i a n  I n t e r p o l a t i o n  f o r  t h e  
unknow t e m p e r a t u r e  U , VM+l A d j a c e n t  
t o  the p y r o l y s i s  f r o # t .  
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7 

"i,jtl - Vi , j -1  I 1 " i - 1 , j  - 'i,j+l - 'i,j-l " i t 1 . j  

b R I 2  2 Ar o(* 

i = M+l,M+2. ..., N (13) 1 ( " i t 1 , j  - ' i -1 , j )  

(iaR - 1) 2aR 

Equations (12) and (13) are rearranged and solved f o r  the unknown terms Ui,j+l, 

Vi,jtl t o  g i ve  

B 

2 ( i  - -1 
A R  

' 'J i-1, j  t 
1 - 2x 

'Ji . j -1 + - 'i, jtl = 1+2h 1 + 2). 

1 

2 ( i  - -1 
( 1  t 1 ) " i+ l ,  j 

AR 

i = 1,2, ..., M-1 (14) 

1 
'"i-1,j + 

1 t9 2 ( i  - -1 
d* D(* AR 

(15) i = Mtl,M+2, ..., N 1 
( 1  + 1 ) V i + l ,  j 

2 ( i  - Dl  

The s i n g u l a r i t y  o f  Equation (2 )  a t  R = 1 i s  prevented by using L ' H o p i t a l ' s  

r u l e  t o  y i e l d  

This equation w r i t t e n  i n  t h e  standard e x p l i c i t  form i s  given by 

V i , j + l  'i.j = 1 ( ' i -1, j  - 2v.  i,j + ' i + l , j )  

oc* LR12 
AT (17) 
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and i n  the  Dufort-Frankel Scheme by 

Equation (7 )  can be w r i t t e n  i n  f i n i t e - d i f f e r e n c e  form using a cen t ra l  d i f -  

ference approximation t o  g i v e  

"N+l,j 'N-1.j E o. 
2aR 

Combined w i t h  Equation (18) t h i s  y i e l d s  an expression f o r  the cen te r - l i ne  dimen- 

s ion less temperature 

'N, j+l 

i n  the  standard e x p l i c i t  form and 

4). 8A 
1 - 7  a r;c" 

'N, j+l = - 4x "N,j-1 - 4 A  'N-1.j 
1 + p  1 +7 U 

i n  t he  DuFort-Frankel Scheme. 

Gr id  Points M, M + l  

R = l  

R = l  

(19) 

(20) 

The temperatures a t  g r i d  po in ts  imnediate ly  adjacent t o  the  py ro l yz ing  f r o n t  

( g r i d  po in ts  M and M+1 i n  F igure 3 )  cannot be ca l cu la ted  by Equations (10)-(11) 

and (14)-(15). Instead, a th ree -po in t  Lagrangian i n t e r p o l a t i o n  i s  used t o  deter-  

mine these unknown temperatures. 

-d- 26 
' M P j  = (2& +J) 'M-2,j + 'M- l , j  
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Where 

d=R - R M = R  - M A R  
P P 

Gr id  Points M = 1,2 

When the  py ro l yz ing  f r o n t  i s  l o c  ed w i  h i n  t h e  f i r s t  g r i d  space, Equa 

(21) i s  no t  requi red,  since t h e  boundary value Uo i s  a l ready known. 
,j 

i o n  

If the py ro l yz ing  f r o n t  i s  located w i t h i n  t h e  second g r i d  space, Equation 

(21) cannot be used because t h e  requ i red  three p o i n t s  are not  avai lab le.  By as- 

suming t h a t  t h e  temperature p r o f i l e  w i t h i n  t h e  char l a y e r  i s  quadratic i n  R, the 

de r i va t i ves  U/ t, U/ R, 2U/ R i n  equation (1)  can be approximated t o  y i e l d .  2 

which can be solved f o r  U2,t+l 

Advancing the  P y r o l y s i s  Front  

Euler 's  method (Carnahan, 1969) i s  used t o  solve t h e  energy balance across 

the  py ro l yz ing  surface, Eq. 9. The march o f  the p y r o l y s i s  f r o n t  i s  computed from 

the fo l l ow ing  f i n i t e  dif ference form o f  Eq. 9. 
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The temperature grad ien ts  a re  approximated by d i f f e ren t i a t ion  of t he  three-point 

Lagrangian in te rpola t ion  formulas, Equations (21 and (221,  t o  give 

When the pyrolyzing f ron t  i s  w i t h i n  t he  f i r s t  g r id  space, two point i n t e r -  

polation formulas a re  used t o  approximate the  temperature gradient i n  the char 

1 ayer . 
\ 

When the pyrolyzing f ron t  i s  located within the second g r id  space, a quadratic 

polynomial i s  used t o  approximate the temperature gradient i n  t he  char layer .  The 

gradient a t  the pyrolyzing f ron t  i s  
/ I  

AR +6 - 
"2,j AR(AR +J ) " ' j AR(d) 

-- a! - -6 
a R=R P 

(27) 
I 

Since the  temperature of t he  unreacted core i s  so c lose  t o  the  pyro lys i s  

temperature when t he  pyrolyzing f ron t  moves in to  the l a s t  two gr id  spaces, a two 

p o i n t  in te rpola t ion  formula i s  used t o  approximate the temperature gradient i n  

the wood layer .  T h e  temperature of the  unreacted core i s  taken equal t o  the  

pyrolysis temperature and t h e  temperature gradient i n  t h e  wood layer a t  R = R 
P 

becomes equal t o  zero  the rea f t e r .  

I 
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Since the  advance o f  t he  f r o n t  dur ing the  l a s t  t ime step may p lace i t  beyond 

R = 1, a three p o i n t  Lagrangian i n t e r p o l a t i o n  formula i s  used t o  f i n d  the t ime 

requi red f o r  complete t h e  py ro l ys i s .  

pl, Rp2. Rp3 = t h e  l a s t  t h ree  computed R values. Where R 
P 

T,,T2, e3 = t h e  th ree  t imes corresponding t o  the above values. 

SENSITIVITY STUDY 

Using the numerical procedures described above, temperature p r o f i l e s  a t  

var ious times were generated. Sample p r o f i l e s  are i l l u s t r a t e d  i n  f i g u r e  4. The 

t ime requi red f o r  t h e  p y r o l y s i s  f r o n t  t o  reach the  c e n t e r l i n e  o f  t h e  c y l i n d e r  was 

def ined as t 
PYr' 

The e f f e c t  o f  each model parameter on t h e  t ime requ i red  f o r  complete py ro l -  

y s i s  was studied i n  order  t o  determine i t s  r e l a t i v e  importance. A base case was 

constructed by s e l e c t i n g  average values f o r  t h e  parameters (as l i s t e d  i n  Table 1 )  

and ca l cu la t i ng  t h e  p y r o l y s i s  t ime. Values o f  t were then determined f o r  

several cases i n  which each parameter was va r ied  i n d i v i d u a l l y .  S e n s i t i v i t y  was 

def ined as A t  / ~ p ,  where &p i s  t he  change i n  the  value o f  t h e  parameter s tud ied 

from i t s  base value. A negat ive s e n s i t i v i t y  i nd i ca tes  increas ing p w i l l  decrease 

PYr 

PYr 

tPYr- 
The r e s u l t s  of t h e  s e n s i t i v i t y  s tudy are sumnarized i n  Table 2 and i l l u s -  

t r a t e d  i n  F igure 5. 
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Table 1 

Typical Values of Model Parameters Used in Sensitivity Study 

1, = 1230.0 

J c  =)'w(l-b) 

Cpw = 1318.0 

Cpc = 991.6 

k, = 0.2000 

kc = 0.20 

ro = 0.01 

T, = 700.0 

T = 350.0 P 

Ti = 25.0 

b = 0.7 

AH = 368200 

Kg/M3 

Joule/Kg 

Jou 1 e/Kg 

Joule/M-Sec-K 

Joul e/M-Sec-K 

m 

C 

C 

C 

Joule/kg o f  wood 
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Table 2 
I 

Relative Importance of Model Parameters f o r  a Pa r t i c l e  2 cm i n  Diameter 

Parameter 

0 
r 

TS 

kC 

PW 

P 

A H  

T 

cPW 

k W 

cPg 

I 
b 

f 

Sens i t i v i t y '  
Range 

1.5 -- 3.0 

-38.1 -- -0.73 

-1.73 -- -0.46 

1.0 

-0.66 -- -1.54 

0.5 -- 0.47 

0.28 -- 0.30 

-0.14 -- -0.07 

0.14 -- 0.13 

0.07 -- 0.06 

-0.012 -- - 0.027 

-0.0144 -- -0.015 

359 

Parameter 
Range 
Studied 

0.5 - 2.0 cm 

360 - 1050 C 

0.1 - 0.4 
Jou 1 e/M-Sec-K 

615 - 2460 

( Kg/M3 1 

175 - 525 C 

184100 - 763640 
Joul e/Kg 

659 - 2636 
Jou 1 e/Kg-K 

0.1 - 0.4 
Joul e/M-Sec-K 

600 - 2400 
Joule/Kg-K 

495.8 - 1983.2 
Joul e/Kg-K 

0.3 - 0.9 

0 - 300 C 

Re 1 a t  i ve 
Importance 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
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AS expected, the pyrolysis time varied approximately quadratically with r 

(cylindrical geometry) and linearly with pw indicating that for the size range 
studied, t 1 is proportional to the mass of the sample. PY r 

i Characteristic Temperatures (TS, Tp, Ti) 

For a particle 2 cm diameter, the imposed surface temperature has the 

greatest effect of all parameters in the determining pyrolysis time. When T, is 

525, 700, 875OC. the corresponding pyrolysis times are 8.8, 5.6, and 4.3 minutes. 

The pyrolysis temperature has a moderate influence on t when varied over a 

physically meaningful range. When T increases 

from 4.5 to 5.6 minutes. The initial temperature, Ti, has a negligible effect. 

The sensitivities of these parameters are illustrated in Figure 5. Plots of front 

position vs. time for a wide range of the parameters T,, T and Ti appear in 

Figures 6, 7, and 8. 

PYr 
is varied from 263 to 350°C, t P PY r 

P' 

Thermal Conductivities (kc, kw) 

Due to the nature of the model, the thermal conductivity of the char is the 

most sensitive of all the physical properties considered. The thermal conduc- 

tivity of the virgin solid however, has a negligible influence on the time re- 

quired for complete pyrolysis. The comparison is best illustrated by the front 

position vs. time plots when the above parameters are varied (Figures 9, 10). 

When kc is varied from .1 to .4 J/msK t varies from 10 to 3 minutes. Over PY r 
the same range of values for kw, t varies from 6 to 5.2 minutes. PY r 
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0 2 4 6 0 1 0  

T i r n e ( M i n )  

Figure 6 :  Pyrolyzing Front v s .  T i m e  curves at Three 
Surface Temperatures for a P a r t i c l e  of 2 c m  
Diameter 
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R P  

0 2 4 6 a 1 0  

T i m e ( M i n )  

F i g u r e  7 : P y r o l y z i n g  F r o n t  v s .  Time c u r v e s  a t  T h r e e  
P y r o l y s i s  T e m p e r a t u r e s  for  a P a r t i c l e  of 2 c m  
D i a m e t e r  
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R P  

c u r v e  T ~ ( ’ c )  

1 12.5 
2 25 
3 50 

0.2- 

,. ” . . ” . . , ” ’ ~ . . . . . . . . . ( . . . . ~  . . . . ( , . . . . , . . . ,  0.0- 

0 2 4 6 8 10 

T i m e  ( M  i n )  

F i g u r e  8 :  Pyrolyzing F r o n t  v s .  Time C u r v e s  a t  Three 
V a l u e s  of I n i t i a l  T e m p e r a t u r e s  for a P a r t i c l e  
of 1 c m  R a d i u s  

364 



R P  
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0 .  

0 .  

0 .  

0.1 
0 . 2  
0.4 

0 2 4 6 8 1 0  

T i m e ( M i n )  

Figure 9 : Pyrolyzing Front v s .  T i m e  Curves a t  Three 
Values of Char Thermal Conductivity for a 
P a r t i c l e  of 1 crn Radius 
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R P  L o ; ,  

0 . 4  o-61 
'\ Y\\ 

1 0.1 
2 0 . 2  
3 0 .4  

F i g u r e  10: P y r o l y z i n g  F r o n t  v s .  Time C u r v e s  a t  Three 
V a l u e s  of T h e r m a l  c o n d u c t i v i t y  of Wood for a 
P a r t i c l e  of 1 c m  R a d i u s  
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Heat Capacities (Cpc, Cpw) 

The heat capaci ty  o f  t h e  unpyrolyzed so l i d ,  Cpw, has a greater influence on 

cPC the  r a t e  o f  py ro l ys i s  than t h e  corresponding proper ty  f o r  t he  r e s u l t a n t  char, 

L . The comparison i s  most d i r e c t l y  i l l u s t r a t e d  i n  F igures 11 and 12. 

i 

Stoichiometr ic C o e f f i c i e n t  (b) 

When the  s to i ch iomet r i c  c o e f f i c i e n t  o f  t h e  gaseous product i n  t h e  reac t i on  

wood = b gas + c char 

i s  var ied over a wide range, the re  i s  v i r t u a l l y  no change i n  t h e  t ime requi red 

f o r  py ro l ys i s  (see F igu re  13). It appears t h a t  t h e  changing densi ty  o f  t h e  char 

Yc = y w ( l - b )  counteracts t h e  e f f e c t  o f  t h e  convect ive term i n  the  energy balance. 

Heat o f  Pyro lys is  ( HI 

As i l l u s t r a t e d  i n  F igure 14, when t h e  endothermic heat o f  pr imary p y r o l y s i s  

va r ied  from 184.1 t o  736.4 J/g, t h e  p y r o l y s i s  t ime increased f rom 4.2 t o  8.4 

minutes. 

Sumnary 

The r e s u l t s  of any s imulat ion us ing t h e  phase-change model o f  p y r o l y s i s  are 

most s i g n i f i c a n t l y  a f f e c t e d  by t h e  values of p y r o l y s i s  temperature, char thermal 

conduct iv i ty ,  and heat o f  py ro l ys i s .  
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0 .  6- 

0.4- 

0 * 2- 

0 2 4 6 8 1 0  

T i m e ( M i n )  

Figure 11:  Pyrolyzing Front v s .  T i m e  Curves a t  Three 
Values of Heat Capacity of Wood for a P a r t i c l e  
of 1 c m  Radius 
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Joule 
curve “pc (-1 

1 4 9 5 . 8  
2 9 9 1 . 6  
3 1 9 8 3 . 2  

0 2 4 6 a 1 0  

T i m e  ( M i  n )  

F i g u r e  12: P y r o l y z i n g  F r o n t  v s .  Time C u r v e s  at Three 
V a l u e s  of H e a t  C a p a c i t y  of Char for a P a r t i c l e  
of 1 c m  R a d i u s  
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1 .  

0 .,!3 

0.6- 

0 . 4 -  

0.2- 

1 0 . 3  
2 0 . 7  
3 0.9 

0.0 

0 2 4 6 8 1 0  

T i m e  ( M  i n )  

Figure 13: Pyrolyzing Front v s .  Time Curves a t  Three 
Values o f  S t o i c h i o m e t r i c  C o e f f i c i e n t  of 
P y r o l y s i s  Gas f o r  a P a r t i c l e  o f  1 c m  Radius 
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F i g u r e  14:  P y r o l y z i n g  F r o n t  vs .  Time C u r v e s  a t  Three 
V a l u e s  of Heat of P y r o l y s i s  for  a P a r t i c l e  of 
1 c m  R a d i u s  
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SINGLE PARTICLE SIMULATIONS 

Up t o  the present t ime we have inves t i ga ted  on ly  the  case o f  a boundary 

c o n d i t i o n  o f  the f i r s t  k ind,  i n  which t h e  surface temperature i s  spec i f ied.  The 

more use fu l  case o f  a convect ive boundary cond i t i on  (B.C. o f  3 r d  k ind )  I s  

c u r r e n t l y  under study. The choice t o  study t h e  former problem was made on the 

bas i s  o f  ava i l ab le  experimental data. I nves t i ga to rs  performing py ro l ys i s  

experiments on s i n g l e  p a r t i c l e s  u s u a l l y  measure and repo r t  surface temperature. 

I n  one experiment (Kanury, 1966) a c y l i n d r i c a l  specimen 1.75 cm i n  rad ius  o f  

pressed o(-cel l u l o s e  was placed i n  an ex te rna l  ly-heated. r o t a t i n g  copper tube. 

Temperature p r o f i l e s  were recorded by thermocouples embedded a t  var ious r a d i i .  

Measured surface and c e n t e r l i n e  temperatures are p l o t t e d  i n  F igure 15. Using the 

parameters l i s t e d  i n  Table 3 and t h e  measured surface temperature as a boundary 

condi t ion,  the c e n t e r l i n e  temperature was ca l cu la ted  using the phase-change 

model. The ca l cu la ted  p r o f i l e  i s  a l s o  p l o t t e d  i n  Figure 15. 

The experimental p r o f i l e  d i sp lays  p la teaus a t  12OoC and 38OoC corresponding 

t o  d ry ing  and p y r o l y s i s  temperatures. The ca l cu la ted  p r o f i l e  cannot reproduce the 

d r y i n g  plateau because no phase change corresponding t o  dry ing was incorporated 

i n  t h e  model. The p la teau corresponding t o  p y r o l y s i s  however, was c l e a r l y  

observed. The measured surface temperature a f te r  complete py ro l ys i s  was e r r a t i c  

because the thermocouple a t  the surface was no t  t i g h t l y  bonded t o  the  char. 

I n  a second experiment (Roberts and Clough, 19631 t h e  weight l oss  h i s t o r y  o f  

a 1 cm ( rad ius)  beech c y l i n d e r  was recorded dur ing p y r o l y s i s  i n  a n i t rogen  

atmosphere. Using t h e  parameters i n  Table 4 and the  measured surface temperature, 

the weight vs. t i m e  curve was ca l cu la ted .  The r e s u l t s  are shown i n  F igure 16. The 

heat ing r a t e  of t h e  oven used i n  t h e  experiment was 20°C/min. Since t h e  model 

p r e d i c t s  no weight loss u n t i l  t h e  surface temperature reaches the  assumed 
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Table 3 

Parameters and Properties Used to Simulate Kannry's Experiment 

Pw = 605 

j C  = (1-b) 

kw = 0.14 

kc = 0.06 

Cpc = 991.6 

Cpw = 1318.0 

cpg = 1200 

b = 0.80 

H = 100000 

T = 382 P 

Ti = 35 

( Kg/M3 1 

( Kg/M3 1 

(Joule/M-Sec-K) 

( Jou 1 e/M-Sec-K) 

(Joule/Kg-K) 

(Joule/Kg-K) 

(Jou 1 e/Kg-K) 

(Joule/Kg) 

C 

C 
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Table 4 
Representative Values of Parameters and Properties Used in 

Model Calculation for Beech Cylinder 

Pw = 6oo.o 

f = (l-b) 

kw = 0.14 

kc = 0.04 

Cpw = 1318.0 

Cpc = 991.6 

cpg = 1200.0 

b = 0.61 

A H = 100000 

T = 290 P 

Ti = 25 

( Kg/M3 1 

( Kg/M3 1 

(Joule/M-Sec-K) 

(Joule/M-Sec-K) 

(Joul e/M-See-K) 

(Joule/Kg-K) 

(Joule/Kg-K) 

(Joule/Kg ) 

' C  

C 
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Weight/Time Curves for a Pyrolyzing Beech 
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p y r o l y s i s  temperature, i t  cannot reproduce t h a t  p o r t i o n  o f  t h e  measured curve 

corresponding t o  low temperature py ro l ys i s .  

PYROLYSIS ZONE OF A PACKED-BED GASIFIER 

I n  order t o  simulate the  py ro l ys i s  zone o f  a packed-bed g a s i f i e r ,  t he  

reac to r  was t r e a t e d  conceptual ly as two idea l  reactors :  one, a char combustor/ 

g a s i f i e r  and t h e  second, a feed pyro lyzer .  The gas temperature and f l owra te  

e x i t i n g  the g a s i f i c a t i o n  zone were used as input  parameters f o r  t he  py ro l ys i s  

simulat ion. The other  boundary condi t ions were the of fgas and feed temperatures. 

The p y r o l y s i s  reac t i on  i s  

Feed -+ Char + O i l  + H20 t Gas 

The reac t i on  i s  d r i ven  by t h e  sensible heat i n  the  char-derived gases from the  

combustion zone. The char-derived gas i s  considered i n e r t  and the  of fgas 

composition i s  obtained by simply mix ing the char-der ived gas f l o w  w i t h  the  

v o l a t i l e  products o f  t he  p y r o l y s i s  react ion.  The temperature o f  t he  gas, which i s  

assumed t o  be t h e  same as the  surface temperature o f  t h e  s o l i d  p e l l e t s ,  i s  used 

as the boundary c o n d i t i o n  o f  t h e  k ine t i cs - f ree  model. We a l so  assume t h a t  t he  

py ro l ys i s  p o r t i o n  o f  t h e  reac to r  i s  character ized by p l u g  f low,  w i t h  no important 

r a d i a l  gradients o f  mass o r  temperature. 

Mater ia l  balances were taken over the  gas and s o l i d  phases. 

9 
dG /dZ = R 

9 

The energy balance was taken as 

dGS/dZ = R, 
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The generation terms are t h e  f l u x  (Q,a) i n t o  the p e l l e t s  and R, AH* ,  t he  

exothermic heat of r e a c t i o n  o f  t he  v o l a t i l e s ,  both based on u n i t  volume o f  

reactor .  bH2 i s  t he  d i f f e r e n c e  between the exothermic heat o f  the o v e r a l l  

p ryo l ys i s  reac t i on  and t h e  endothermic heat o f  t he  primary p y r o l y s i s  step used i n  

the phase change model. 

A Runge Kut ta  method was used t o  i n teg ra te  the  system o f  equations. An a x i a l  

temperature prs f i :e  f o r  t h e  bed was assumed. Th is  p r o f i l e  was used i n  the  phase 

change model t o  c a l c u l a t e  t h e  reac t i on  r a t e  and heat f l u x  as a func t i on  o f  t ime. 

The v e l o c i t y  o f  t h e  s o l i d  phase was constant (no p a r t i c l e  shrinkage) so t ime was 

propor t ional  t o  d is tance along t h e  bed. The bed temperature was ca l cu la ted  and 

t h e  process repeated u n t i l  t h e  boundary cond i t i ons  were s a t i s f i e d .  

For the  cond i t i ons  l i s t e d  i n  Table 5, the ca l cu la ted  p r o f i l e  i l l u s t r a t e d  i n  

F igure 17 was obtained. 

FUTURE WORK 

A convective boundary c o n d i t i o n  (B.C. o f  3 rd  k ind )  us ing e f f e c t i v e  heat 

t r a n s f e r  c o e f f i c i e n t s  w i l l  be i nves t i ga ted .  The heat t r a n s f e r  c o r r e l a t i o n s  f o r  

p a r t i c l e s  i n  packed beds w i l l  be mod i f i ed  fo account f o r  t he  escape o f  v o l a t i l e s  

from the  surface o f  t h e  char. S ing le  p a r t i c l e  experiments are being planned i n  

which the convective environment (gas temperature and v e l o c i t y )  o f  t he  sample 

w i l l  be contro l led.  Gas temperatures can be measured more e a s i l y  than s o l i d  sur- 

face temperatures. I n  add i t i on ,  packed-bed experiments w i t h  thermocouple-studded 

samples are planned. 
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Table 5 

Operating Conditions for the Test Run on the Biomass Gasifier 

Wood Pellett 
Feed Rate 
(Kg/Hour) 

Air 
Feed Rate 
(Kg/Hour 1 

Steam 
Feed Rate 
(Kg/Hour 1 

15.8 

9.678 

1.941 

Parameters o f  Char and Wood Pellets Used to Simulate 
the Test Run o f  the Biomass Gasifier 

fw = 1230.0 

pc =tw ( 1 -b 1 

Cpw = 1318.0 

Cpc = 991.6 

kw = 0.03 

k, = 0.005 

r = 0.003175 

T = 300.0 

Ti = 25.0 

b = 0.8 

b H = 62760 

4H2 = -368200 

0 

P 

Kg/M3 

Kg/M3 

Joul e/Kg 

Joule/Kg 

Joule/M-Sec-K 

Joule/M-Sec-K 

m 

C 

C 

Joule/Kg o f  wood 

Joule/Kg o f  wood 
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Figure 1 7 :  Comparison Between Calculated and Experimental 
Temperature Profiles in a Packed-Bed Gasifier. 
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Nomenclature 

d 

b 

8 

P 
C 

k 

M 

N 

r 

rO 

R 

T 

u,v 

9 
U 

Thermal d i f f u s i v i t y  

Sto ich iometr ic  c o e f f i c i e n t  o f  char i n  the  p y r o l y s i s  reac t i on  

Dimensionless parameter a r i s i n g  from the  convective term i n  t h e  char 

1 ayer 

Heat capaci ty  

Distance o f  py ro l yz ing  f r o n t  from nearest g r i d  p o i n t  i n  the char l aye r  

Thermal conduc t i v i t y  

Index o f  g r i d  p o i n t  i n  t h e  char layer  nearest t h e  pyro lyz ing f r o n t  

Number o f  g r i d  po in ts  

Density 

Radial p o s i t i o n  ( r  = 0 a t  cen te r )  

Cyl inder  rad ius a t  sur face 

Dimensionless r a d i a l  d is tance (R = 0 a t  surface, R = 1 a t  center)  

Temperature 

Dimensionless t ime 

Dimensionless temperature 

Ve loc i t y  o f  e x i t i n g  v o l a t i l e s  

Subscripts: 

W Wood layer ,  v i r g i n  s o l i d  

C Char layer  

P Py ro l ys i s  

S Surface 

9 Gas 
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